Very little is known about the infl uence of the mechanical environment on the healing of large segmental defects. This partly refl ects the lack of standardised, well characterised technologies to enable such studies. Here we report the design, construction and characterisation of a novel external fi xator for use in conjunction with rat femoral defects. This device not only imposes a predetermined axial stiffness on the lesion, but also enables the stiffness to be changed during the healing process. The main frame of the fi xator consists of polyethylethylketone with titanium alloy mounting pins. The stiffness of the fi xator is determined by interchangeable connection elements of different thicknesses. Fixators were shown to stabilise 5 mm femoral defects in rats in vivo for at least 8 weeks during unrestricted cage activity. No distortion or infections, including pin infections, were noted. The healing process was simulated in vitro by inserting into a 5 mm femoral defect, materials whose Young's moduli approximated those of the different tissues present in regenerating bone. These studies confi rmed that, although the external fixator is the major determinant of axial stiffness during the early phase of healing, the regenerate within the lesion subsequently dominates this property. There is much clinical interest in altering the mechanics of the defect to enhance bone healing. Our data suggest that, if alteration of the mechanical environment is to be used to modulate the healing of large segmental defects, this needs to be performed before the tissue properties become dominant.
Introduction
A considerable body of research confirms that the healing of osseous fractures is very responsive to the ambient mechanical environment (Huang and Ogawa, 2010; Morgan et al., 2008) . It is highly likely that the healing of large segmental defects in bone will be equally responsive, but this possibility has not been investigated in detail. One constraint to research in this area is the lack of experimental control over the local mechanical environment within a large segmental defect as it heals. The present paper reports the design, construction, mechanical evaluation and in vivo testing of a novel external fi xator that addresses this issue. This fi xator also allows modulation of the mechanical environment as healing progresses, a property that enables study of the mechano-sensitivity of different stages of the healing process, and, suitably adapted, may aid healing clinically.
The novel fi xator is based upon external fi xation, which is widely used for distraction osteogenesis (Pacicca et al., 2002; Radomisli et al., 2001; Richards et al., 1999; Sato et al., 1999; Sato et al., 1998; Seebach et al., 2004; Sojo et al., 2005; Yasui et al., 1997) , fracture fi xation (Harrison et al., 2003; Kaspar et al., 2007; Mark et al., 2003; Mark et al., 2004; Mark and Rydevik, 2005; McCann et al., 2008; Smith-Adaline et al., 2004) and large defect models in experimental animals (Betz et al., 2006; Cullinane et al., 2002; Cullinane et al., 2003; Dickson et al., 2008; Jager et al., 2005) . As well as imposing a controlled and reproducible local mechanical environment, its accessibility allows the modulation of this environment at different stages of healing. The mechanical characteristics of an external fi xator are defi ned by, and can be modulated by, a large number of variables, which include: the distance between the pins, pin diameter, pin material, the number of pins, fi xator bar length, fi xator bar number, fi xator bar material, fi xator bar thickness and distance from the bone surface to the fi xator bar (offset).
Few studies have investigated the mechanical contributions of the individual components of fi xators or whole frame confi gurations. An in vitro study by Mark et al. (2003) found that the offset was linearly related to the stiffness in axial loading of rat bone using brass rod constructs. Furthermore, a decrease in pin diameter from 1.2 mm to 1.0 mm changed the axial stiffness of intact rat bone by about 50 %. They also found that if the bone fragments touched, the axial stiffness increased almost 10 times as compared to a gap size of 2 mm. Harrison et al. (2003) reported no change in axial stiffness when different materials such as aluminium and titanium were used for the fi xator bar, while increasing the osteotomy gap from 1 to 3 mm decreased the mean axial stiffness www.ecmjournal.org V Glatt et al. Adjustable stiffness external fi xator only by 6 % for the three fi xator frames tested. A study by Willie et al. (2009) found that the contribution to the total stiffness of the fi xation construct was dominated by the fl exibility of the pins in relation to their offset, diameter and material properties. For example, titanium pins produced signifi cantly lower axial stiffness than stainless steel pins of the same design. Although such characterisations are helpful, they fail to take into account the contributions of the regenerate within the osseous lesion to the overall mechanical environment. This is likely to be important, because as bone healing progresses from a haematoma to soft callus then hard callus, woven bone and, fi nally, lamellar bone, the mechanical contribution of the endogenous tissue within the lesion will change dramatically.
One in vitro study (Gardner et al., 1996) looked not only at the local mechanical environment provided by fi ve different clinically used external fi xators, both dynamised and non-dynamised, but also at the effect of the resistance to axial interfragmentary motion (IFM) created by four different stiffness materials simulating the main stages of the healing process. Using fi xators implanted on glass fi bre tubing in axial compression to simulate weight-bearing, Gardner et al. (1996) found that when no material was present in the fracture gap, which simulates the conditions immediately post-surgery, the fi xator frame was responsible for all stability at the fracture site, and there was no contribution from the gap (based on a weightbearing of 650 N and an average axial frame stiffness of 60 N/mm). On the contrary, when they interposed material with the lowest stiffness (50 N/mm), which represents early stages of fracture healing, they found that the mechanical properties of the fracture material were as important as those of the fi xator in infl uencing axial IFM at around two to four weeks post-fi xation. Furthermore, the fi ve clinical external fi xators tested made different mechanical contributions, depending on their stiffness. In contrast, using three stiffer intra-fracture materials, simulating all but the initial stage of fracture healing, axial movement was infl uenced only by the stiffness of the materials within the fracture site and only slightly affected by the contribution of the fi xation devices. Nevertheless, angular, transverse and torsional shear movements were enhanced, depending on the type of fi xator. These motions were also enhanced by unlocking the fi xator to increase fi xator looseness. These data demonstrate the importance of including contributions by the intra-defect tissue when analysing the overall mechanical environment created by an individual fi xation device, but no prior research has extensively investigated this interaction.
Therefore, we had four main aims for this study: fi rst to design and manufacture a new external fi xator for large femoral defects in the rat with the ability to change stiffness in vivo during the healing process; second, to characterise the mechanical environment generated by such a fi xator; third to determine how the stiffness created by each of the fi xators responded to the intra-lesional insertion of standard materials whose mechanical properties refl ected those of tissues present sequentially during the healing process; four, to evaluate the performance of the fi xators in vivo on the femora of rats.
Materials and Methods

External fi xators
The external fi xator (RatExFix, TM ) main frame consists of a polyethylethylketone (PEEK) body. Each external fi xator has two connection elements and two main modules (Fig.  1) . The connection elements are of different thickness, and hence stiffness, and were developed to achieve fi xation stiffness equivalent to 40 % (1.7 mm thick), 70 % (2.1 mm thick) and 100 % (2.5 mm thick). The external fi xator stiffness of 100 % was calculated based on the 400 g approximate body weight of a mature rat, and then by doubling the weight (800 g). It is based upon the data of Clark (1995) reporting vertical forces for the hind paw of about 50 % of body weight. This was done to ensure that after creating a 5 mm defect, the fi xator was capable of withstanding the weight-bearing of the animal, thereby maintaining alignment and preventing the dislocation of defect fragments. The remaining two fi xator stiffnesses were decreased by 30 % respectively from the highest (100 %) to have a variety of stiffnesses for the study. For convenience, these are referred to as ExFixLow, ExFixMed and ExFixHigh.
Each main module has two holes where the screws are inserted. The fi xator stiffness can be changed while it is still attached to a living animal by changing connection elements with a wire applicator. TAN (titanium alloy) was used to make the mounting pins shown in Fig. 1 . Four mounting pinsare used to secure the stability bar to the femur (Fig. 1) . The fi xator comes in four pieces and needs to be assembled prior to use. The distance between the outer screws is 16 mm and the distance between the middle screws is 11 mm. All holes are predrilled using a 0.76 mm drill bit. The screws are locked in corresponding holes in the main fi xator frame, which is parallel to the bone surface and set at the distance of 6 mm from the bone (Fig.  1) .
A saw guide was developed to enable the creation of a 5 mm segmental defect in the femur (Fig. 2) ; it also serves as a positioning guide for the installation of the external fi xator. The main frame of the external fi xator is clipped on to the saw guide and then the whole system is clipped onto the bone as shown in Fig. 3 . The 5 mm gap is generated with a 0.22 mm micro Gigli saw (AO Research Institute, Davos, Switzerland) (Fig. 3) .
To minimise a slip-stick effect, two elements of this saw are constructed from wires of different diameters. The thicker wire, diameter 0.07 mm, serves as an axial core, while the second wire, diameter 0.04 mm forms a cutting spiral with adjustable pitch around the core wire. Both the saw guide and the micro Gigli saw can be autoclaved at 134 ºC.
Due to the miniature size of the external fi xator, a special set of implantation instruments was designed and acquired; a customised screwdriver was also developed. A drill bit with a diameter of 0.76 mm was used to create holes in the bone. The core diameter of each screw is 0.02 mm bigger than the drill bit to guarantee proper fi tting of the screw into the bone. When used together with a selfcutting screw tip, this has been shown to prevent loosening due to bone surface resorption at the bone-scrûı interface (Hess et al., 1991) . The drill bit is operated by a miniature, electrical, pen drill producing 2500 rpm with a power of 500 mW.
Three-point-bending of stability bars
Non-destructive, 3-point-bending mechanical tests with 6 samples per group were used to determine the mechanical properties of the stability bars for all external fi xators. The load was applied midway between two supports 14.09 mm apart; the diameter of the supports was 1.95 mm. Loaddisplacement curves were recorded at a crosshead speed of 1 mm/min to a 2 % strain rate or a maximum force of 250 N using a Mechanical Testing System Synergie 200 (MTS, MN, USA). Samples were preloaded to 8 N before each test. The force/displacement curves were acquired at 100 Hz. Three-point-bending stiffness was calculated from the linear region of the load-defl ection curve.
Axial compression testing
In this test four materials were chosen to simulate the Young's moduli of different types of tissue present in the lesion at the various stages of the bone healing process. Their selection was based upon the mechanical data of Morgan et al. (2008) . A rubber insert was chosen to simulate the early stage of healing, at the time when the haematoma within the defect is being replaced by cartilage. According to the literature, at this stage of healing the tissue elastic modulus is about 0.01-0.1 GPa (Morgan et al., 2008) , which is in the same range as rubber. For the subsequent stage, at which calcifi ed cartilage is being replaced by woven bone, low-density polyethylene (LDPE) was chosen to simulate tissue stiffness, which has been reported to be in the range of 0.2-0.9 GPa (Morgan et al., 2008) . For the fi nal stage of bone healing, during which woven bone is maturing into lamellar bone, two different woods were evaluated. The elastic modulus of cortical bone has been reported to lie in the range of 10 GPa, similar to values reported for maple and oak (Morgan et al., 2008) . Axial compression testing was performed to confi rm that their Young's moduli, as measured under our experimental circumstances, corresponded to those reported in the literature.
Rubber and LDPE were purchased (McMaster-Carr, Elmhurst, IL, USA) in sheets of 36x36 cm, 5.5 mm thick. They were cut into 25x25 mm squares for testing. Maple and oak were purchased (McMaster-Carr, Elmhurst, IL, USA) as rods 0.9144 m long and 9.54 mm in diameter and cut into 5.5 mm thickness samples for testing. Six samples per group were used to determine the Young's moduli of these materials in axial compression testing using an Instron 8550 mechanical testing system. Loaddisplacement curves were recorded at a crosshead speed of 0.5 mm/min to a 5 % strain rate using a 2 kN load cell. The force/displacement curves were acquired at 100 Hz.
After stability bar and material testing was completed, axial compression testing was used to determine the mechanical environment created when the 3 different stiffness external fi xators were assembled onto rat femora with and without the 5 mm defect. For this experiment the external fi xators were assembled in position on the right femora of 8 freshly euthanised Sprague Dawley rats. After the external fi xators were in place, a 5 mm segmental defect was created in one of the femora in each group and then excised from the body. The procedure was performed in this manner to avoid drying out and cracking of the bones. Also, 6 intact contralateral femora were used as controls. Both ends of each specimen were embedded in polymethylmethacrylate to provide a reproducible, fl at interface with the testing fi xture. The four different test materials were put into defects to simulate different stages of fracture healing. The thickness of all materials was cut to 5.5 mm to fi t tightly the defect; the diameter for the wood was 9.54 mm, rubber and LDPE was cut into 6x6 mm squares.
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Six samples from each material were placed in the segmental defect for each of the different fixators to determine axial stiffness. Samples were tested in an unconfi ned compression setup (Fig. 4) . Preloading (4-6 N) was undertaken to ensure that there was no sliding within the jig.
After each test, constructs from all groups were removed, and one of the material samples inserted into the defect and repositioned in the mechanical testing machine. Load-displacement curves were recorded at a crosshead speed of 0.5 mm/min to a 1.5 % strain using an Instron 8550 mechanical testing system (Instron, MA, USA). The force/displacement curves were acquired at 100 Hz. The stiffness of the construct was automatically calculated from the linear region of the load-defl ection curve.
Animals
Sprague Dawley rats (male, 350-400 g) were purchased from Charles River Laboratories International, Inc. (Wilmington, MA USA). Animal care and experimental protocols were followed in accordance with NIH guidelines and approved by the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee. Following a minimum 48 h acclimatisation period, the animals were transported to a dedicated surgical procedure room.
A total of 12 rats were used for the ex vivo mechanical testing experiments, 4 animals per group. Animals were euthanised with CO 2 and cardiac puncture and the fi xators surgically applied as described in the text. Femora with the fi xators attached were excised and loaded as described in the text.
For in vivo experiments, rats were anaesthetised with isofl urane (2 % at 2 L/min by air mask). Before surgery rats were given antibiotic (cefazolin, 20 mg/ kg) and the analgesic buprenorphine (dose 0.08 mg/kg) intramuscularly in the left leg. The entire right hind leg of the rat was shaved, cleaned with 70 % ethanol and 10 % iodine and draped with sterile fenestrated drape so only the right leg was exposed. An incision of approximately 3.5-4 cm was made through the skin running craniolateral on the surface of the right femur from the greater trochanter to the supracondylar region of the knee. The shaft of the femur was exposed by gentle dissection between the quadriceps and hamstring muscles.
The external fi xator bar was used as a positioning guide, fi rst clipped on to the wire saw guide and then placed on to the craniolateral aspect of the femur, to guide the drill and permit reproducible positioning of four drill holes with a diameter of 0.76 mm. The miniature electrical pen drill was used to drill all the holes for the screws one at the time, starting either with the distal or proximal side. Once the fi rst hole was made the screw was driven into the femur on the distal/proximal side, fi rst through the external fi xator bar and then into the bone, making sure that it entered perpendicularly into the femur. After the fi rst screw was in place, the most distant hole from the fi rst screw was then drilled, and the second screw was driven into the hole. The implantation order of the two middle screws is not important as long as they are perfectly perpendicular to the craniolateral femoral surface. After the fi xator was in place, the saw guide was used to make the segmental defect.
For this, the 0.22 mm Gigli saw was passed through the 2 grooves underneath the femur to create a 5 mm segmental defect by reciprocal motion back and forth. After the defect was created, the saw guide was removed and the wound was closed in layers. On the fi rst three postoperative days, the rat was given analgesic every 12 h and antibiotic every 24 h.
Defects were examined radiologically immediately after surgery and then once per week for 8 weeks.
Statistical analysis
For the stability bar and the material mechanical testing, comparisons of continuous variables between the groups were performed using analysis of variance (One Way-ANOVA). If the difference between the groups was signifi cant, a post hoc test (Tukey) was performed. To compare tested materials (rubber, LDPE, maple and oak), an unpaired t-test was performed, with differences considered signifi cant at p < 0.05. For the axial compression test, statistical analyses were performed using either analysis of variance (Two Way-ANOVA) or a two-tailed t-test to determine if there was a signifi cant correlation between the stiffnesses of the different fi xators and the materials used. A power analysis after the study was calculated to determine if we had suffi cient numbers of samples per group to detect a signifi cant difference. The power level for all the data was Adjustable stiffness external fi xator found to be from 0.9 to 1. Thus the numbers of samples per group used for this study were suffi cient to determine a 5 % difference between the test groups. All tests were twotailed, w ith differences considered signifi cant at p < 0.05. Data are presented as mean ± SE, unless otherwise noted.
Results
Three-point-bending of stability bars
Three-point-bending tests performed on the stability bars recorded the bending stiffnesses of ExFixLow, ExFixMed and ExFixHigh as 114, 185 and 254 N/mm, respectively (Fig. 5) . These values were signifi cantly different from each other (p < 0.001). ExFixHigh was 27 % stiffer than the ExFixMed (p < 0.0011) and ExFixMed was 38 % stiffer than ExFixLow (p < 0.0008).
Axial compression validation testing
Axial compression testing was performed to confirm Young's moduli for rubber, LDPE, maple and oak. These tests showed that Young's moduli for all four materials (Fig. 6 ) fell within the range reported in the literature (Morgan et al. 2008) . There was no signifi cant difference between maple and oak. Therefore, for further in vitro testing, maple was chosen due to its smaller inter-sample variability. There was a statistically signifi cant difference when rubber was compared to LDPE and both woods (p < 0.0001). Statistical signifi cance was also seen when LDPE was compared to all other materials tested (p < 0.0001).
Axial compression testing
Axial compression mechanical t�sting was used to determine the local mechanical properties within the critical size defects imposed by the three different stiffness fi xators. First, the infl uence of the fi xators on the stiffness of intact rat femur was determined, and then the three different materials validated in the previous section were inserted in turn into defects in the rat femur.
ExFixLow and ExFixMed had no statistically signifi cant effect on the stiffness of the intact femur. ExFixHigh, in contrast, increased stiffness by 20 % (Fig.  7) . Having tested intact bone, 5 mm defects were created in the femur with three different stiffness fi xators and tested without any inserts (Fig. 7B) . The stiffness of the empty defects increased progressively with the application of ExFixLow, ExFixMed and ExFixHigh. A similar, statistically signifi cant progression was seen with the interposition of a rubber insert to simulate early stages of healing (Fig. 7C) . When LDPE was used to simulate a later stage of fracture healing (Fig. 7D) , signifi cant differences were seen with the ExFixHigh construct as compared to the other external fi xators (p < 0.001), but stiffnesses produced by the ExFixLow and ExFixMed were not different from each other (Fig. 7D) . When maple was used in the defect (Fig. 7E) , there was no difference in stiffness between any of the fi xators. Two Way Anova revealed that, overall, there is signifi cant interaction between the materials and external fi xators used (p < 0.0001).
In vivo experiments
Radiological examination confi rmed that fi xators of all stiffnesses maintained the 5 mm femoral defect during the entire 8 weeks of the experiment (Fig. 8) . Because these are critical size defects, there was no spontaneous healing. No distortion or infections, including pin infections, were observed and pin loosening was absent.
Discussion
The main goals of this study were to design, manufacture and characterise a new, variable stiffness external fi xator for the rat femur, and to use this fi xator to interrogate the interplay between fi xator stiffness and the regenerate in determining the overall mechanical environment of the defect during healing. Although the fi xators were designed to bear double the load of a 400 g rat, Wehner et al. 
Fig. 8.
In vivo X-ray images of defects in rats immediately post-surgery and 8 weeks later. External fi xators of all 3 stiffnesses were surgically implanted on rat femora and 5 mm segmental defects created. The defects were X-rayed immediately after surgery (0 weeks) and at weekly intervals until 8 weeks when the experiment was terminated. Fig. 9 . Contribution of external fi xators to overall axial stiffness as a function of the material inserted into the defect. The external fi xator makes the major contribution to overall axial stiffness in the empty defect (dashed line) and when rubber is placed in the defect to simulate early healing when the defect is transitioning from haematoma to soft callus. When LDPE is inserted to simulate calcifi ed cartilage/woven bone, the contribution of the fi xator to overall stiffness is substantially diminished. At the woven-lamellar bone stage (wood insert), the fi xators have minimal effect on overall stiffness. Left Hand Side: Full range of conditions; empty defects, inserts and intact femur. Right Hand Side: Expanded view from empty defects to LDPE only.
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found loads of up to 6-7 times body weight acting on the rat femur during normal gait. This study emerged after we had designed and constructed the fi xators described here. Nevertheless, as described in the results section, these fi xators maintained the 5 mm defect for the 8 weeks of the in vivo experiment. Moreover, it would be a straightforward matter to produce customised connection elements with increased stiffness to accommodate higher loads based on these recent fi ndings. The mechanical properties of the new fi xators were examined at three levels. First, in vitro three-point-bending tests were carried out to determine the rigidity of the stability bars. Fixators were then installed on excised rat femora, with and without 5 mm defects, and tested in axial compression to imitate weight-bearing. To approximate the alterations in the mechanical properties of the defect that occur as it heals, rubber, LDPE and maple were inserted into the defects to simulate progressive phases of healing.
Finally, fi xators were applied to rat femora and their in vivo performance monitored radiographically for 8 weeks.
The results of these studies show convincingly that the mechanical environment cannot be explained solely in terms of the properties of the components used to construct the fi xator. It is essential to measure the overall mechanical properties of the entire fi xator construct attached to bone, and to take into account mechanical contributions from the defect tissue itself as it heals. A future, further refi nement of this analysis will take into account the mechanical contributions of muscle and other surrounding soft tissues.
The primary innovation of this fi xator is the ability to exchange the stability bar connection elements to select different, standardisedûstiffnesses. Because the stability bar's connection elements can be exchanged while the device is attached to the animal, the stiffness can be adjusted at different stages during the healing process. The connection elements are exchanged one at V Glatt et al. Adjustable stiffness external fi xator a time to prevent misalignment of the defect edges and the destruction of newly formed tissue. Although three different stiffnesses were generated for the present work, additional stiffnesses can be achieved simply by fabricating additional connection elements of different thicknesses. Previous authors have designed alternative external fi xators with adjustable stiffnesses. The device of Claes et al. (2009 Claes et al. ( , 2011 , for instance, uses two crossbars and stiffness is reduced by removing the inner bar. This is a novel design, but allows less opportunity for precise, multiple manipulations of the mechanical environment during healing, especially as the bars are secured by K-wires. The fi xator also weighs about 5 g, and may impose uncontrolled loading due to inertia. Using a different approach, Strube et al. (2008) developed a fi xator where stiffness was changed by altering the offset. This has the advantage of providing a large, continuous range of stiffnesses, but is also a large, heavy device secured by K-wires.
In our device, mounting pins and main frame were made from TAN and PEEK, respectively, because these materials are already used for orthopaedic implants in humans and their biocompatibility is well established. These materials also allow in vivo imaging in the early stages of fracture repair with minimal distortion, and reduce the incidence of infections. In vivo experiments confi rmed that the fi xators allowed clear imaging and maintained a 5 mm segmental gap for at least 8 weeks without infection or pin loosening.
As an additional design feature, the fi xator has a preset offset of 6 mm from the bone surface to the stability bar no matter which stiffness connection elements are used. This feature makes implantation of the fi xator very reproducible. Another major advantage over alternative designs described in the literature (Einhorn et al., 1984; Mark et al., 2003; Strube et al., 2008; Claes et al., 2009) including the one we have used in the past (Glatt et al., 2009) , is that the new external fi xator was designed to have a minimal mass (0.32 g) to avoid uncontrolled loading due to inertia. The new fi xators were made taking into account the rat body weight and the size of femur; this relationship was scaled as with human fi xation devices. Furthermore, after the implantation and suturing of the skin, the clearance between the implant cross bar and the skin is only about 4 mm. Such close proximity to the skin surface minimises the moment force, which prevents the possibility of an additional loading within the defect other than the one intended from the external fi xator.
In addition, to keep the surgical trauma low, conventional and rotating saws were not considered as tools for creating 5 mm defects. Such saws either cut into adjacent tissue or strip the periosteum when the tissues are retracted. In the past we have used a 4.5 mm dental burr saw to create 5 mm defects and found that it was impossible to create exact and reproducibly sized defects with parallel ends (Betz et al., 2006; Glatt et al., 2009) . To avoid all these problems we took an advantage of the Gigli saw. A conventional Gigli saw has substantially different static and kinetic friction and two intertwined diamond cords create minimal damage to the bone while sawing. The saw guide was developed to create precise defects with the parallel ends.
Having designed, built and evaluated this, the fi xator was subject to further, detailed, quantitative analysis to determine its precise mechanical properties and certain aspects of the mechanical environment it generates within a segmental defect in vitro. When a 5 mm defect was created and tested in axial compression, the highest stiffness of the system was achieved with the most rigid external fi xator, and it decreased linearly as the stiffness of the fi xator bar decreased. This is to be expected, because the load is solely carried by the fi xation device when the fracture gap is empty.
When rubber was inserted to mimic the initial phase of healing, the total stiffness of the system increased, with the external fi xators still making a substantial contribution to the overall stiffness; the magnitude of this contribution increased with the stiffness of the external fi xator. With LPDE in the defect, there was a very large increase in axial stiffness, but the contributions of the external fi xators were small. This indicates that once healing reaches the stage of calcifi ed cartilage, which LPDE mimics, the external fi xators have only a minor infl uence on the axial stiffness of the defect. When maple was inserted into the defect, stiffness increased considerably, but the contributions of the external fi xators were minimal and there was no effect of fi xator stiffness.
When the change in overall axial stiffness is considered with respect to the material within the lesion (Fig. 9) , it is clear that the axial stiffness within a large, segmental, osseous lesion is dominated by the material properties of the regenerate once healing has progressed beyond the initial soft callus stage. Gardner et al. (1996) also found that the amount of axial movement was mainly controlled by the material in the fracture gap rather than by the fi xator stiffness. Collectively, these data suggest that if healing within a large osseous defect is to be manipulated mechanically by an external fi xator of the type studied in the present paper, this should be implemented before the mechanical environment becomes dominated by the mechanical properties of the regenerate.
